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Abstract. Local acceleration via whistler wave and particle interaction4

plays a significant role in particle dynamics in the radiation belt. In this work5

we explore gyro-resonant wave-particle interaction and quasi-linear diffusion6

in different magnetic field configurations related to the March 17 2013 storm.7

We consider the Earth’s magnetic dipole field as a reference, and compare8

the results against non-dipole field configurations corresponding to quiet and9

stormy conditions. The latter are obtained with RAM-SCB, a code that mod-10

els the Earth’s ring current and provides a realistic modeling of the Earth’s11

magnetic field. By applying quasi-linear theory, the bounce- and MLT-averaged12

electron pitch angle, mixed term and energy diffusion coefficients are calcu-13

lated for each magnetic field configuration. For radiation belt (∼ 1 MeV) and14

ring current (∼ 100 keV) electrons, it is shown that at some MLTs the bounce-15

averaged diffusion coefficients become rather insensitive to the details of the16

magnetic field configuration, while at other MLTs storm conditions can ex-17

pand the range of equatorial pitch angles where gyro-resonant diffusion oc-18

curs and significantly enhance the diffusion rates. When MLT average is per-19

formed at drift shell L = 4.25 (a good approximation to drift average),20

the diffusion coefficients become quite independent of the magnetic field con-21

figuration for relativistic electrons, while the opposite is true for lower en-22

ergy electrons.23

These results suggest that, at least for the 17 March 2013 storm and for24

L <∼ 4.25, the commonly adopted dipole approximation of the Earth’s mag-25

netic field can be safely used for radiation belt electrons, while a realistic mod-26
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eling of the magnetic field configuration is necessary to describe adequately27

the diffusion rates of ring current electrons.28
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1. Introduction

Resonant interaction between charged particles and plasma waves plays an important29

role in the description of energetic particle dynamics of the ring current and outer radi-30

ation belt [Gendrin, R, 2001; Jordanova et al., 2001; Shprits et al., 2008; Thorne et al.,31

2005, 2010]. Wave-particle cyclotron resonance with wave frequency well below the par-32

ticle gyrofrequency can cause pitch angle diffusion and lead to particle precipitation as33

particles enter into the atmosphere [Jordanova et al., 2008]. Quasi-linear and nonlinear34

cyclotron resonance with EMIC waves has been suggested to account for the rapid loss of35

radiation belts electrons [Lyons et al., 1972; Bortnik et al., 2006; Millan and Thorne, 2007]36

and ring current ions [Cornwall et al., 1970; Jordanova et al., 2001; Zhu et al., 2012; Su37

et al., 2012]. On the other hand, wave-particle cyclotron resonance with wave frequency38

greater or comparable to the particle gyrofrequency, or wave-particle Landau resonance39

with any wave frequency, can induce significant energy diffusion [Summers , 2005]. Among40

the various waves that can lead to gyro-resonant wave-particle interaction, the whistler-41

mode chorus waves (often existing in two distinct frequency bands [Burtis and Helliwell,42

1976] above and below one half of the local electron gyrofrequency) are an important43

candidate to drive electron acceleration. Recent studies provide observational evidence44

indicating that low energy particles can be accelerated to relativistic energies by chorus45

waves [Horne et al., 2005a; Shprits et al., 2006b; Thorne et al., 2013]. Especially strong46

acceleration effects by chorus waves during nonstorm times were observed by Van Allen47

Probes [Su et al., 2013, 2014], causing a potential threat to spacecraft and human activi-48

ties in space. Thus, understanding the energetic particle dynamics is an essential task for49
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ring current and radiation belt research aimed at predicting the near-Earth environment50

and protecting space assets.51

The standard model for energetic particle dynamics in the radiation belt stems from a52

Fokker-Planck diffusion equation in pitch angle, energy and drift shell coordinates. The53

pitch angle, energy and mixed term diffusion coefficients are normally estimated in the54

framework of quasi-linear theory. Historically, a general analysis of quasi-linear velocity55

space diffusion has been first given by [Kennel and Engelmann, 1966]. This general56

quasi-linear formulation is suitable for any modes of weak turbulence in a uniform, static57

magnetic field. Furthermore, an estimation of the diffusion coefficients resulting from58

gyro-resonant interaction of electrons with whistler waves was given by [Lyons , 1974a, b],59

where a Gaussian wave spectrum was specified. Summers [2005] derived a relativistic60

diffusion equation and calculated the diffusion coefficients for first order gyro-resonant61

interaction of particles with field-aligned whistler waves.62

Starting from the Fokker-Planck equation and the related diffusion coefficients in a static63

magnetic field, bounce averaging can be performed in order to account for the magnetic64

field line geometry. This has been done by several authors in the context of a dipole ap-65

proximation of the Earth’s magnetic field [Lyons et al., 1971, 1972; Shprits et al., 2006; Li66

et al., 2007]. However, recent work by Orlova and collaborators [Orlova et al., 2010, 2012]67

compared bounce-averaged diffusion coefficients for a dipole magnetic field versus those68

obtained by the Tsyganenko 89c magnetic field model [Tsyganenko et at., 1989] for quiet69

and stormy conditions. This work shows that the details of the magnetic field configura-70

tion can be quite different from a dipole during storms, resulting in significant differences71
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in the gyro-resonant diffusion coefficients. It also highlights the importance of the realistic72

modeling of the magnetic field to calculate the diffusion coefficients accurately.73

In this study, we perform an analysis of the role of the magnetic field geometry in74

determining the pitch angle, energy and mixed diffusion rates for the March 17 2013 storm,75

where the Van Allen Probes observed very rapid electron acceleration up to several MeV76

within 12 hours [Baker et al., 2014; Li et al., 2014; Xiao et al., 2014]. Unlike Orlova and77

collaborators [Orlova et al., 2010, 2012], the magnetic field geometry is obtained by the78

ring current-atmosphere interactions model with a self-consistent magnetic field (RAM-79

SCB) [Jordanova et al., 2006, 2010; Zaharia et al., 2006]. We investigate two geomagnetic80

conditions, a) quiet (UT=4, prior to the storm) and b) stormy (UT=8, after storm onset).81

RAM-SCB models the ring current population inside geosynchronous orbit and obtains82

a more realistic magnetic field configuration self-consistently with the anisotropic plasma83

pressure. Interestingly, our results show that, at least for the March 17 2013 storm, MLT-84

and bounce-averaged diffusion coefficients (computed at L = 4.25, where MLT average is85

a good approximation to drift average) for relativistic MeV electrons tend to be consistent86

at three differents magnetic field geometries and a dipole field approximation can be safely87

used. On the other hand, for electrons with lower energies (∼ 100 keV) typical of the ring88

current population, the details of the magnetic field are important and storm conditions89

tend to enhance the diffusion rates at large equatorial pitch angles.90

The paper is organized as follows. In section 2, we briefly discuss the RAM-SCB sim-91

ulations and the quiet and stormy magnetic field configurations at L = 4.25 and L = 692

that are used in this study, together with a dipole field approximation. In section 3, we93

introduce the bounce averaging procedure to calculate the pitch angle, momentum and94
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mixed diffusion coefficients along a general magnetic field line for whistler wave parallel95

propagation. We also discuss MLT average and drift average at L = 4.25. In section 4,96

we compare the bounce-averaged pitch angle diffusion coefficients at L = 6 and reproduce97

some of the results obtained by Orlova et al. [2010]. This comparison serves mostly as98

benchmark for our numerical procedure. In section 5, we compare the bounce-averaged99

diffusion coefficients at L = 4.25 for various electron energies, equatorial pitch angles and100

MLTs, and also perform MLT average. Conclusions are drawn in section 6.101

2. Magnetic field configurations obtained from RAM-SCB

The kinetic ring current model RAM-SCB provides the external magnetic field, which102

is self-consistently computed in three dimensions with the anisotropic ring current plasma103

pressure. The internal magnetic field is obtained from the International Geomagnetic104

Reference Field (IGRF) model [Maus et al., 2005]. The numerical tracing of magnetic105

field lines in the 3D magnetosphere domain follows the algorithm available in the For-106

tran library called International Radiation Belt Environment Modeling (IRBEM) library107

(http://sourceforge.net/projects/irbem/). With a particular equatorial pitch angle, we108

trace the magnetic field lines between two mirror points with a step resolution of 1/10,000109

L, where L represents the distance of the point on the magnetic field line crossing the110

Earth’s magnetic equator from the center of the Earth. Unlike empirical magnetic field111

models that directly provide the magnetic field intensity at any position, to obtain the112

RAM-SCB magnetic field at a particular location, we interpolate the magnetic field values113

from four neighboring grid points.114

We simulate the magnetic storm event that occurred on March 17 2013 using the RAM-115

SCB model coupled with the global MHD code BATS-R-US [Yu et al., 2014], to calculate116
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the inner magnetospheric configuration needed for the magnetic field tracing at points of117

interest for this study. In this initial two-way coupling the MHD code provides plasma118

boundary condition for RAM-SCB at geosynchronous orbit, while in return, the MHD119

pressure in the inner magnetosphere region is specified by the RAM-SCB pressure. This120

alters the global magnetospheric configuration and the field-aligned currents passed to the121

ionospheric potential solver [Ridley et al., 2004], which is used to provide the convection122

electric field for the ring current particles. RAM-SCB is thus driven by a self-consistent123

electric field in addition to its already existing self-consistent magnetic field.124

The storm takes place around 6 UT when a CME-driven shock impacts on the mag-125

netopause, leading to the rapid development of the ring current and the depression of126

geomagnetic fields within a few hours. The storm main phase commences at ∼ 6 UT,127

reaches minimum ∼ −100 nT at ∼ 10 UT and the activity continues until ∼ 20 UT when128

the storm recovery phase begins. Fig. 1(a) shows an example of three magnetic field129

tracings: the magnetic field line at L = 4.25 is plotted as a function of magnetic latitude130

λ on the midnight local time (MLT=24) for storm time (red) at 8 UT and quiet time131

(blue) at 4 UT during the above event. A dipole field line is shown in black for reference.132

Similarly, three magnetic field tracings are plotted at different MLTs (e.g. MLT = 20,133

16, 12, 8, 4) in Fig. 1(b), (c), (d), (e), (f), respectively). The mirror points correspond134

to an equatorial pitch angle of αeq = 30 degree for this example. In general, we trace the135

magnetic field line at different equatorial pitch angles from 5 degree to 87.5 degree with136

2.5 degree apart. To compare the magnetic field models applied in Orlova et al. [2010],137

we plot another three magnetic field tracings at L shell of 6 at MLT=24 in Fig. 2. Three138

coordinates (x, y, z) describe the magnetic field geometry, with magnetic field latitude139
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given by λ = arctan (z/
√
x2 + y2). In the next sections, we will use these magnetic field140

configurations to calculate bounce- and MLT-averaged diffusion coefficients, with empha-141

sis on the configuration at L = 4.25 where the wave spectrum parameters can be obtained142

from observation data from the Van Allen probes.143

3. Calculation of bounce- and MLT-averaged diffusion coefficients

In the Earth’s magnetic field, charged particles perform three types of motions: the144

gyro-motion around the magnetic field line, trapped motion along the magnetic field line145

where particles bounce back and forth between magnetic mirror points and drift motion146

around the Earth. There are three adiabatic invariants corresponding to each type of147

motion: magnetic moment, angular momentum and magnetic flux. Adiabatic invariance148

requires that the change of the magnetic field is much slower than the characteristic149

time of the particle motion. Thus, waves with frequency comparable to or exceeding the150

particle motion characteristic frequency will break the related adiabatic invariant and151

this can lead to particle diffusion. This is the case for whistler chorus, plasmaspheric152

hiss and electromagnetic ion cyclotron waves that can cause pitch angle scattering and153

energy diffusion via gyro-resonant wave-particle interaction. In particular, whistler-mode154

energy diffusion was able to produce realistic electron fluxes in the slot region for the 2003155

Halloween storm [Horne et al., 2005a; Shprits et al., 2006b]. Lower ULF frequencies are156

instead responsible for radial (cross L) diffusion [Ozeke et al., 2014; Mathie et al., 2000;157

Mann et al., 2012].158

It is conventional to model the evolution of the distribution function of relativistic159

electrons in the framework of quasi-linear theory [Kennel and Engelmann, 1966]. For a160
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straight magnetic field configuration, this leads to a Fokker-Planck diffusion equation161

∂f

∂t
=

1

sinα

∂

∂α

(
Dαα sinα

∂f

∂α

)
+

1

sinα

∂

∂α

(
Dαp sinα

∂f

∂p

)
+

1

p2
∂

∂p

(
p2Dαp

∂f

∂α

)
+

1

p2
∂

∂p

(
p2Dpp

∂f

∂p

)
(1)162

written in terms of pitch angle α and relativistic momentum p, where Dαα, Dαp and163

Dpp are diffusion coefficients. For first order gyro-resonant wave-particle interaction the164

diffusion coefficients have been calculated by [Summers , 2005]. For whistler waves, one165

has166

Dαα =
π

2

1

ν
|Ωe|

1

(En + 1)2

3∑
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(

1− xj cosα
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)2
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e
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p
= −π

2

1
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R
(
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)
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e
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. (3)169
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Dpp
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=
π

2

1

ν
|Ωe|

sin2 α

β2(En + 1)2

3∑
j=1

R|F (xj, yj)|
δx|β cosα− F (xj, yj)|

(
xj
yj

)2

e
−
(
xj−xm
δx

)2

. (4)171

where En is the dimensionless particle kinetic energy, En = E/(mec
2) (E is the ki-172

netic energy, me is the electron rest mass and c is the speed of light); β = v/c =173

[En(En + 2)]1/2/(En + 1); R = |∆B|2/B2
0 is the ratio of the energy density of the174

wave magnetic field to that of the background field B0; xm = ωm/|Ωe|, δx = δω/|Ωe|,175

ν =
√
πerf [(ωuc − ωlc)/2δω], |Ωe| = e|B0|/(mec) is the electron gyrofrequency and176

F (x, y) = dx/dy is determined by the whistler mode wave dispersion relation177

y2

x2
= 1−

(
ωpe
Ωe

)2
1 + ε

(x− 1)(x+ ε)
. (5)178

where ωpe =
√

4πN0e2/me is the plasma frequency, x = ω/|Ωe|, y = ck/|Ωe|, ε = me/mp179

(mp is the proton mass), ω is the wave frequency, k is wave number, and N0 is the electron180

density. Furthermore xj and yj satisfy the gyro-resonant condition181

y =

x− 1

γ

β cosα
, (6)182
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with γ = 1/
√

1− β2 the relativistic factor. In the derivation of Eqs. (2), (3) and (4), it183

is assumed that the wave power spectral density follows a Gaussian distribution peaked184

at ωm with semi-bandwidth δω and limited to the frequency band ωlc ≤ ω ≤ ωuc, with185

ωm = (ωlc + ωuc) /2 and 4δω = ωuc − ωlc. Once the basic wave information (ωm, δω,186

|∆B|2/B2
0) and particle parameters (α and E) are defined, the diffusion coefficients can187

be easily calculated via Eqs. (2), (3) and (4).188

In order to account for a more realistic magnetic field geometry, the next step is to189

perform an average of the diffusion coefficients just discussed over the particle bounce190

motion between mirror points. For instance, the general pitch angle diffusion coefficient191

in a non-dipolar magnetic field has been given by Lyons (1971,1972).192

〈Dαα(αeq)〉ba =
1

τb

∫ τb

0

Dαα(α)

(
∂αeq
∂α

)2

dt =
2

τbv

∫ s2

s1

Dαα(α)

(
∂αeq
∂α

)2
ds

cosα
. (7)193

where subscript ba indicates bounce average and αeq is the equatorial pitch angle of a194

particle, v is the magnitude of the particle velocity, τb = 1
v

∫ s2
s1

ds
cosα

is the electron bounce195

period and the temporal integral has been converted into an integral over the distance196

s along a given field line. For a general magnetic field line parametrized by r(λ), the197

element of distance along a field line can be written as198

ds =

√(
∂r

∂λ

)2

+ r2dλ, (8)199

leading to the following bounce-averaged diffusion coefficients:200

〈Dαα(αeq)〉ba =

∫ λ2
λ1
Dαα(α, λ)

(
tanαeq
tanα(λ)

)2
secα(λ)

√(
∂r
∂λ

)2
+ r2dλ∫ λ2

λ1
secα(λ)

√(
∂r
∂λ

)2
+ r2dλ

, (9)201

202

〈Dpp(αeq)〉ba =

∫ λ2
λ1
Dpp(α, λ) secα(λ)

√(
∂r
∂λ

)2
+ r2dλ∫ λ2

λ1
secα(λ)

√(
∂r
∂λ

)2
+ r2dλ

, (10)203
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204

〈Dpα(αeq)〉ba = 〈Dαp(αeq)〉ba =

∫ λ2
λ1
Dpα(α, λ) tanαeq

tanα(λ)
secα(λ)

√(
∂r
∂λ

)2
+ r2dλ∫ λ2

λ1
secα(λ)

√(
∂r
∂λ

)2
+ r2dλ

, (11)205

with λ1 and λ2 the magnetic latitudes corresponding to the two mirror points (north and206

south side) on each magnetic field line. Note that the magnetic field is three dimensional207

and we integrate the element of distance ds point by point along a field line in our numer-208

ical calculation. In the following sections, we will use the magnetic field configurations209

obtained numerically from RAM-SCB for the numerical evaluation of the bounce-averaged210

diffusion coefficients given by Eqs. (9), (10) and (11). The bounce-averaged diffusion co-211

efficients for a dipole field will be used to compare and contrast against those obtained212

from the more realistic magnetic field geometry from RAM-SCB.213

In addition to bounce average, we also perform MLT average, i.e. the arithmetic average214

of the diffusion coefficients over the different MLTs. We do this only for the data at215

L = 4.25 and note that in this case the MLT average is a good approximation to the drift216

average, i.e. the average over the drift orbit, for both the quiet and storm inhomogeneous217

magnetic field configurations considered in this paper. Indeed, we have traced electron218

drift orbits in the magnetic field configuration corresponding to storm conditions (no219

electric field) starting at L = 4.25 on the nightside (MLT=24) for various initial equatorial220

pitch angles, following the procedure outlined in Roederer and Zhang [2014]. We find that221

drift orbits are reasonably well approximated by a circle and that the change in equatorial222

pitch angle during the orbit (to satisfy the conservation of magnetic moment) is quite223

small. For instance, for initial αeq = 10◦, 50◦, 80◦ the electron position on the dayside224

(MLT=12) is L ' 4.1, 4.3, 4.5 (consistent with the results of Roederer and Zhang [2014])225

and the maximum change in equatorial pitch angle over the orbit is ∆αeq < 3◦, 8◦, 3◦.226
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These results indicate that MLT average and drift average are reasonably close in this227

case. Of course, the two are exactly equivalent in the case of a dipole field.228

4. Benchmarking our numerical procedure: Calculation of Dαα at L = 6

In this section we will discuss the numerical results for the calculation of the bounce-229

averaged diffusion coefficients for the three magnetic field configurations corresponding to230

L = 6 (shown in Fig. 2). This case was analyzed in Orlova et al. [2010], where the effect231

of the magnetic field geometry on the diffusion rates was investigated. Specifically, Orlova232

et al. [2010] compared a dipole magnetic field with a magnetic field configuration given by233

the Tsyganenko 89c model [Tsyganenko et at., 1989] for quiet (Kp = 2) and storm-time234

(Kp = 6) conditions. These results will serve as benchmark for our numerical solution of235

Eq. (9). In Sec. 5 we will extend the calculation of the diffusion coefficients (including236

energy and mixed terms) at L = 4.25, where the wave parameters are different.237

We use the statistical trough plasma density model [Sheeley et al., 2001] and assume that238

plasma density is constant along the field line based on the statistical study of Denton et al.239

[2006]. The wave frequency parameters are dependent on the equatorial gyrofrequency240

Ωeq, consistent with observations indicating that chorus waves are generated near the241

equator. The wave spectrum parameters (on the nightside) are taken as ωm = 0.35Ωeq,242

δω = 0.15Ωeq, ωlc = 0.05Ωeq and ωuc = 0.65Ωeq following Horne et al. [2005]. In addition,243

we assume that the whistler waves are confined to magnetic latitude |λ| < 15◦ from the244

magnetic equator [Horne et al., 2005; Li et al., 2007; Orlova et al., 2010]. The wave245

amplitude is assumed constant for all magnetic latitudes, with ∆B = 100 pT. Finally, we246

consider the interaction of whistler waves with relativistic electrons with energy E = 1247

MeV.248
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By inserting the above wave and particle parameters into Eq. (2), we obtain the local249

pitch angle diffusion coefficient Dαα and then calculate its bounce average through Eq.250

(9) for the dipole and the non-dipolar magnetic field configurations, respectively. For251

convenience, in the following we will use the terms ’RAM-SCB quiet’ and ’RAM-SCB252

storm’ to refer to the (non-dipolar) magnetic field configurations obtained from RAM-253

SCB prior (UT=4) and after (UT=8) the storm onset. In Fig 3, we plot the bounce-254

averaged pitch angle diffusion coefficient as a function of equatorial pitch angle. The255

black, blue and red lines correspond to the dipole field, RAM-SCB quiet and RAM-SCB256

storm respectively, all for MLT=24. The dipole magnetic field approximation leads to a257

non-zero diffusion coefficient only between 52◦ < αeq < 90◦, while for RAM-SCB quiet258

this occurs for 27◦ < αeq < 90◦. RAM-SCB storm leads to a non-zero 〈Dαα(αeq)〉ba for259

the whole interval considered in Fig. 3, i.e. 5◦ < αeq < 90◦. One can see that the260

bounce-averaged diffusion coefficient for RAM-SCB storm dominates at small equatorial261

pitch angles αeq < 40◦. On the other hand, at intermediate equatorial pitch angles262

40◦ < αeq < 60◦, < Dαα(αeq) >ba is bigger for RAM-SCB quiet. At large pitch angles263

60◦ < αeq < 85◦, the dipole field produces the largest < Dαα(αeq) >ba, although all264

three cases converge to similar values when the equatorial pitch angle is near 90◦. These265

results are very similar to those of Fig. 1 in Orlova et al. [2010] where the calculation266

of the bounce-averaged pitchangle diffusion coefficients were based on a Tsyganenko 89267

model. This is not surprising, since RAM-SCB uses the Tsyganenko 89 model as boundary268

condition for the magnetic field at the geosynchronous (L = 6.6) orbit for this simulation.269

They also confirm the importance of the magnetic field geometry in determining the270

diffusion rates, relative to the commonly adopted dipole field approximation.271
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In order to understand the differences in scattering rates for these three magnetic field272

configurations, we follow [Orlova et al., 2010] and plot in Fig. 4 the local diffusion rates273

as function of latitude along the magnetic field line for each model in Fig. 2. In this figure274

the wave field is present at all latitudes (i.e. it is not limited to |λ| < 15◦) and we vary the275

equatorial pitch angle between 5◦ < αeq < 85◦. In general, for each αeq diffusion occurs276

mostly at larger latitudes and over a rather narrow latitude range. Comparing the different277

plots in Fig. 4, one can see the latitude range where wave-particle resonance (hence278

diffusion) occurs: for the dipole field the largest latitude range is between −39◦ < λ < 39◦,279

while we have −32◦ < λ < 32◦ for RAM-SCB quiet and −22◦ < λ < 22◦ for RAM-SCB280

storm. From Fig. 4(a), it is easy to see why resonant diffusion occurs only for αeq > 50◦ for281

the dipole field when the wave field is limited to |λ| < 15◦: when αeq < 50◦ wave-particle282

resonances occur only at larger latitudes, where the wave field is zero. Similarly, resonant283

diffusions occur only for αeq > 30◦ for quiet conditions [Fig. 4(b)] and for αeq > 5◦ for284

storm conditions [Fig. 4(c)] when the wave field is limited to |λ| < 15◦. These results on285

the local wave-particle resonance are consistent with the bounce-averaged wave-particle286

resonance shown in Fig. 3. In addition, Fig. 4(b) and Fig. 4(c) we note that the local287

diffusion coefficients show some north-south asymmetry in quiet and storm conditions.288

This is a consequence of the magnetic field lines described by RAM-SCB, which can be289

not symmetric in quiet and storm conditions. This asymmetry is more evident at larger290

equatorial pitch angles.291

5. Calculation of the bounce- and MLT-averaged diffusion coefficients Dαα,

Dαp and Dpp at L = 4.25
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5.1. Calculation of bounce-averaged pitch angle diffusion coefficients

〈Dαα(αeq)〉ba at L = 4.25

In order to compare with the results at L = 6, we begin by calculating the bounce-292

averaged pitch angle diffusion coefficient at L = 4.25. The parameters of whistler waves293

and plasma at different MLT are listed in Table 1. We have adapted these from the global294

chorus wave model developed by Li et al. [2014] based on direct observations from the295

EMFISIS instrument on the Van Allen Probes and inferred from POES measurements.296

In Table 1, |λ| is the wave latitudinal extension where the chorus waves are confined, ne297

is the electron density, and we choose an average chorus wave amplitude 〈Bw〉 = 100 pT298

for all MLTs.299

For each of the three magnetic field configurations shown for various MLTs (e.g. MLT300

= 24, 20, 16, 12, 8 and 4) in Fig. 1, we insert the wave and density parameters into Eq.301

(9) and obtain the bounce-averaged pitch angle diffusion coefficients 〈Dαα〉ba at L = 4.25302

for each MLT. The diffusion coefficients are plotted in Figs. 5 and 6, for electron energy303

E = 1 MeV and E = 100 keV, respectively, as a function of equatorial pitch angle αeq.304

For E = 1 MeV, we note that 〈Dαα〉ba at nightside MLT = 24, 20, 4 [Fig. 5(a), (b), (f)]305

have big differences at low and intermediate equatorial pitch angles, similarly to what has306

been discussed for L = 6. On the other hand, the values of 〈Dαα〉ba at dayside MLT =307

16, 12, 8 [Fig. 5(c), (d), (e)] are almost the same for all the magnetic field configurations308

that were considered. Note also that for αeq < 40◦, 〈Dαα〉ba is orders of magnitude larger309

at MLT=12 and MLT=16 than at other MLTs.310

The case for electron energy E = 100 keV plotted in Fig. 6 shows some differences311

relative to E = 1 MeV. For dayside MLT=16, 12 and 8, there is a reasonable agreement312
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on 〈Dαα〉ba for all magnetic field configurations except that the bounce-averaged pitch313

angle diffusion coefficient for storm conditions can be up to a factor of three larger than314

that for a dipole at larger equatorial pitch angles. For nightside MLT=24, 20 and 4, one315

can notice large discrepancy at large αeq: for storm conditions the range of equatorial316

pitch angles with non-zero 〈Dαα〉ba widens, and there is a range of αeq where the value317

of 〈Dαα〉ba can be an order of magnitude higher than that for a dipole field. In general,318

the values of 〈Dαα〉ba are much larger for E = 100 keV than for relativistic electrons with319

E = 1 MeV for all MLTs at αeq < 60◦.320

5.2. Calculation of the MLT-averaged diffusion coefficients Dαα, Dαp and Dpp

Next, we perform MLT average of 〈Dαα〉ba and plot the results in Fig. 7 for electron en-321

ergies E = 100 keV and E = 1 MeV. We recall that MLT average is a good approximation322

to drift average at L = 4.25, as discussed in Sec. 3.323

For E = 1 MeV, Fig. 7 (b) shows that the MLT-averaged pitch angle diffusion coef-324

ficient is quite independent on the magnetic field configuration. This is because at large325

equatorial pitch angles all the magnetic field configurations produce rather similar values326

of 〈Dαα〉ba, while at low equatorial pitch angles the drift average is dominated by the327

values at MLT=12 and 16 (see Fig. 5). Thus, for relativistic particles the effect of the328

magnetic field geometry is limited and the dipole field approximation adopted for instance329

in Li et al. [2014] is a good approximation. On the other hand, Fig. 7 (a) shows that330

the details of the magnetic field configuration are very important for particles with lower331

energy, even after MLT-averaging. For E = 100 keV, one can see that storm conditions332

lead to a wider range of pitch angle scattering and that the MLT-averaged diffusion co-333

efficient in storm conditions is at least a factor of three larger than that obtained for the334
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dipole field when αeq > 60◦. Thus, for the lower energy particle typical of the ring current335

population, the dipole field approximation can be inadequate.336

We now extend the calculation of the diffusion coefficients to mixed and momentum337

diffusion terms. We use the same parameters in Table 1 and perform MLT average of338

Eqs. (10) and (11). Figures 8 and 9 show the MLT-averaged mixed and momentum339

diffusion coefficients for electrons with energy E = 100 keV and E = 1 MeV, respectively.340

The same trend of Fig. 7 also occurs in Figs. 8 and 9: for E = 1 MeV electrons, the341

diffusion coefficient is rather insensitive to the details of the magnetic field configuration.342

On the other hand, for E = 100 keV diffusion is enhanced in storm conditions and there343

are big differences (above a factor of three) relative to the dipole configuration at large344

equatorial pitch angles 65◦ < αeq < 80◦.345

Figures 10 show pitch angle, momentum and mixed term diffusion coefficients as a346

function of the equatorial pitch angle αeq and the electron kinetic energy E from 100 keV to347

10 MeV for the dipole configuration, RAM-SCB storm and RAM-SCB quiet, respectively.348

Although it is somewhat hard to discern the detailed differences of the three figures, in349

general the diffusion coefficients peak at intermediate equatorial pitch angles (40◦ < αeq <350

60◦) over the energy range considered. In addition, for energy above 1 MeV, the diffusion351

coefficients are very similar for the three magnetic field configurations. However, at lower352

energy range 100 keV≤ E <1 MeV, the diffusion coefficients show significant differences,353

with resonant diffusion occurring at higher equatorial pitch angles in storm conditions354

relative to the other two cases. Comparing the three diffusion coefficients, one can see355

that the pitch angle scattering rate is the biggest while the momentum diffusion coefficient356
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is the smallest. The cross term diffusion coefficients are bigger or at least comparable to357

the momentum ones and can contribute to energy diffusion as well.358

In our calculation, we assumed the whistler wave propagation along the magnetic field359

line up to |λ| = 15 degree. Only the first order cyclotron wave-particle resonances360

(n = ±1) were considered. However, for oblique whistler wave-particle resonance, higher361

resonant harmonics (n = ±2,±3,±4 . . .) also need to be considered. This case has been362

discussed in Orlova et al. [2012], which studied on resonant interactions of the outer radi-363

ation belt electrons with oblique chorus waves in a realistic magnetic field model (here the364

Tsyganenko 2001 storm field model and an internal IGRF model are choosen as realistic365

field models in storm and quiet conditions). They showed that higher resonant harmonic366

significantly contribute to diffusion coefficients in all three field models on both dayside367

and nightside at the intermediate equatorial pitch angles. In addition, they stated that368

the bounce-averaged diffusion coefficients are indistinguishable for all three field models369

for energies E ≤ 1 MeV at the dayside. On the nightside at L = 7, the bounce-averaged370

scattering computed in the dipole field and those computed in the realistic magnetic fields371

can differ by several orders of magnitude. Extension of our procedure to oblique whistler372

waves is left for future work.373

Finally we conclude this section with a brief discussion of how the bounce-averaged374

pitch angle diffusion coefficients change with wave intensity and plasma density assuming375

a fixed magnetic field geometry corresponding to quiet, storm and dipole magnetic field376

configurations that we obtained before at L = 4.25 and MLT=24. We focus on E = 1377

MeV particles. First of all, the wave intensity enters the formulation of the problem only378

through the coefficient R in Eqs. (2)-(4). It is a quadratic dependence, meaning that if379
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the amplitude of the wave-field doubles the diffusion coefficients increase by a factor of380

4. Most important, the effects of the wave-field intensity and of magnetic field geometry381

are indepedent, therefore the considerations that we made in Secs. 4 and 5 remain com-382

pletely valid. Next, we look at how the bounce-averaged diffusion coefficients vary with383

electron density, keeping the other parameters fixed (in particular the wave amplitude is384

100 pT). We anticipate a more complex dependence of the diffusion coefficients, since the385

plasma density enters the whistler wave dispersion relation Eq. (5) non-linearly, and have386

therefore calculated it numerically. The results are plotted in Fig. 11, where the electron387

density changes from 6.55×106m−3 to 1.31×108m−3. In general, the diffusion coefficients388

decrease with higher electron density monotonically. Although increasing or decreasing389

the density changes the diffusion coefficients by a factor of order unity, the same trend390

discussed in Secs. 4 and 5 remains visible in Fig. 11 and the magnetic field geometry391

can expand the range of equatorial pitch angles where resonant diffusion occurs. Thus,392

the magnetic field geometry is as important as the wave-amplitude and the background393

plasma density in controlling the level of resonant diffusion.394

6. Conclusions

In this paper we have analyzed the role played by a more realistic magnetic field con-395

figuration in determining MLT- and bounce-averaged quasi-linear diffusion rates for gyro-396

resonant interaction of inner magnetospheric electrons with field-aligned whistler chorus397

waves. In particular, we have focused on the March 17 2013 storm. We modeled this398

storm with the RAM-SCB ring current code coupled with the BATS-R-US global magne-399

tosphere code. RAM-SCB provides the self-consistent modeling of the magnetic field with400

the anisotropic plasma pressure and offers a more realistic magnetic field configuration401
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during storms than empirical models. We have selected two magnetic field configurations402

from RAM-SCB: the first is for quiet conditions prior to the storm (UT=4) and the other403

is for storm conditions after its onset (UT=8). Both configurations have been compared404

against a dipole approximation of the Earth’s magnetic field which has been adopted in405

several past studies. The parameters for whistler waves and plasma needed for the cal-406

culation of the diffusion coefficients are obtained after measurements from the Van Allen407

Probes.408

We have compared bounce-averaged pitch angle diffusion coefficients for the three mag-409

netic field configurations at L = 6. Essentially we have reproduced some of the results410

of Orlova et al. [2010], thus verifying our numerical procedure for calculating bounce-411

averaged diffusion coefficients.412

We have then focused on the comparison at L = 4.25, analyzing gyro-resonant diffusion413

for 100 keV and 1 MeV electrons at various MLTs. For bounce-averaged pitch angle414

diffusion, both energies exhibit ranges in MLT (' 8 − 16, dayside) where storm, quiet415

and dipole magnetic field configurations produce rather similar (within a factor of two)416

rates, and ranges (MLT' 20− 4, nightside) where there are significant differences due to417

differences in the magnetic field configuration. The latter are both in terms of the range in418

equatorial pitch angle where resonant diffusion can occur and in terms of magnitude of the419

diffusion coefficient (with discrepancies up to a factor five-ten). Specifically, for 1 MeV420

electrons, storm conditions favor pitch angle scattering at low values of the equatorial421

pitch angle, while the opposite is true for 100 keV electrons. However, we show that422

when MLT average is performed (which, at L = 4.25, is a good approximation to drift423

average), pitch angle scattering becomes insensitive to the magnetic field configuration424
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for relativistic electron energies. This is not the case for lower electron energy, where the425

MLT-averaged pitch angle diffusion coefficients maintain that storm conditions enhance426

pitch angle scattering at large equatorial pitch angles. Similar trends also occur for mixed427

and momentum diffusion coefficients, although these coefficients are comparatively smaller428

than Dαα.429

Our results suggest that, at least for the March 17 2013 storm and L <∼ 4.25, a dipole430

approximation of the Earth’s magnetic field can be safely adopted for the modeling of431

relativistic MeV electrons. Such approximation, however, is inadequate for ring current432

electrons in the 100 keV range and a realistic magnetic field model is required. Future work433

will study how these differences in diffusion coefficients induced by a realistic modeling of434

the magnetic field translate into electron fluxes for the ring current and radiation belt.435
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Figure 1. Magnetic field magnitude along the field line versus magnetic latitude at L = 4.25

obtained by RAM-SCB modeling of the 17 March 2013 storm for nightside storm (red line,

UT=8) and quiet (blue line, UT=4) conditions. A dipole magnetic field is also plotted (black

line). The mirror points correspond to an equatorial pitch angle of αeq = 30 degree. Figures (a)

to (e) correspond to MLT= 24, 20, 16, 12, 08, 04, respectively.
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Figure 2. Magnetic field magnitude along the field line versus magnetic latitude at L = 6

obtained by RAM-SCB modeling of the 17 March 2013 storm for nightside storm (red line,

UT=8) and quiet (blue line, UT=4) conditions. A dipole magnetic field is also plotted (black

line). The mirror points correspond to an equatorial pitch angle of αeq = 30 degree.

Table 1. Wave spectrum and plasma parameters at L=4.25, for various magnetic local times

(MLTs).

ωm/Ωce δω/Ωce |λ| ne(cm
−3) < Bw > (pT )

04 MLT 0.25 0.1 < 10◦ 9.3 100
08 MLT 0.23 0.1 < 15◦ 9.5 100
12MTL 0.21 0.08 < 45◦ 13.5 100
16MTL 0.2 0.08 < 45◦ 17.4 100
20MLT 0.2 0.06 < 25◦ 17.2 100
24MLT 0.22 0.08 < 10◦ 13.1 100
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Figure 3. Bounce-averaged pitch angle diffusion coefficients as a function of equatorial pitch

angle, computed at L = 6. The black line corresponds to the dipole field, the blue line is for

the magnetic field obtained from RAM-SCB for quiet conditions and the red line is for storm

conditions.
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Figure 4. The local pitch angle diffusion coefficients versus magnetic latitude along the field

line for different equatorial pitch angles and for the dipole magnetic field (a) and the RAM-SCB

magnetic field for quiet (b) and storm (c) condtions.
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Figure 5. Bounce-averaged pitch angle diffusion coefficients as a function of equatorial pitch

angle, computed at L = 4.25 for electron energy E = 1 MeV. The black line is for the dipole

magnetic field, the blue line is for the RAM-SCB magnetic field for quiet conditions and the red

line is for the RAM-SCB magnetic field for storm conditions. Figures (a) to (f) correspond to

MLT=24, 20, 16, 12, 08, 04, respectively.
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Figure 6. Bounce-averaged pitch angle diffusion coefficients as a function of equatorial pitch

angle, computed at L = 4.25 for electron energy E = 100 keV. The black line is for the dipole

magnetic field, the blue line is for the RAM-SCB magnetic field for quiet conditions and the red

line is for the RAM-SCB magnetic field for storm conditions. Figures (a) to (f) correspond to

MLT=24, 20, 16, 12, 08, 04, respectively.
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Figure 7. MLT-averaged pitch angle diffusion coefficients as a function of equatorial pitch

angle: (a) corresponds to the electron energy E = 100 keV and (b) is for E = 1 MeV, respectively.
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Figure 8. MLT-averaged mixed term diffusion coefficients as a function of equatorial pitch

angle: (a) corresponds to the electron energy E = 100 keV and (b) is for E = 1 MeV, respectively.
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Figure 9. MLT-averaged momentum diffusion coefficients as a function of equatorial pitch

angle: (a) corresponds to the electron energy E = 100 keV and (b) is for E = 1 MeV, respectively.
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Figure 10. MLT-averaged pitch angle, energy and mixed term diffusion coefficients as a funtion

of equatorial pitch angle (αeq) and electron energy (E) at L = 4.25 for three magnetic field

configurations: dipole magnetic field, RAM-SCB magnetic field for quiet and storm conditions.
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Figure 11. Bounce-averaged pitch angle diffusion coefficients changes for different electron

density and storm, quiet and dipole magnetic field configurations.
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